Abstract-The long propagation delays of the underwater acoustic channel make traditional Medium Access schemes impractical and inefficient under water. This paper introduces and studies Interference Avoidance and Network Coding for Medium Access protocol design aiming to cope with the underwater channel constraints and achieve efficient data transmission under water. Network Coding can exploit the broadcast channel to send different information to several receivers simultaneously. With Interference Avoidance the long propagation delay can be used to communicate in full-duplex mode. Alone and combined these concepts could increase channel utilisation as well as improve energy efficiency of the network nodes. The main goal is to investigate the potential benefits of new strategies for data dissemination over a string topology scenario. Comprehensive simulations prove the feasibility of Interference Avoidance and Network Coding improving the system efficiency when compared with CSMA/CA.
I. INTRODUCTION
Communications in the marine environment employ acoustic waves, since radio and optical waves experience high dampening under water [1] . The underwater acoustic link differs significantly from traditional radio communications. Long latency, large propagation losses and limited bandwidth are the main channel characteristics. Most commonly used Medium Access Control (MAC) schemes from terrestrial radio communications are prone to severe limitations in terms of efficiency and scalability when deployed under water [2] .
Strong efforts in research have fuelled the development of new MAC protocols for underwater communications. Many rely on intelligent collision avoidance with improved handshaking contention design. Despite the system efficiency gains, the approach of advanced contention-based protocols is still insufficient due to the long propagation delays. Interference Avoidance and Network Coding are emerging strategies that can be used in novel MAC schemes to exploit the unique features of the underwater acoustic channel and increase the efficiency of data transmission. This paper focuses on the design and performance evaluation of an improved Medium Access scheme incorporating Interference Avoidance (IA) and Network Coding (NC) based on Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA). The reference scenario is the string topology network, see Fig. 1 . The main contributions are the following:
• Design and possible implementation of IA and NC as an extension to CSMA/CA.
• Simulation results of IA and NC on throughput and energy efficiency compared with pure CSMA/CA. The remainder of the paper is organised as follows. Section II provides an overview of the related work. In Section III IA and NC are described and some practical hints are given to implement these new techniques. Section IV presents the performance analysis of the proposed MAC techniques with respect to CSMA/CA. Conclusions are drawn in Section V.
II. RELATED WORK
Several works are available in the literature targeting improved MAC protocols for underwater networks.
In [3] Slotted FAMA is proposed, which is a contention method based on Floor Acquisition Multiple Accesses (FAMA) [4] . Despite achieving collision avoidance, S-FAMA presents drawbacks in terms of throughput performance due to the lengthened time slots. To improve throughput performance, [5] presents another handshaking protocol named Multiple Access Collision Avoidance (MACA) [6] with packet trains for Multiple Neighbours (MACA-MN). Likewise, [7] introduces and studies the MACA for Underwater (MACA-U) protocol which is an adaptation of terrestrial MACA for multi-hop underwater networks. Reference [8] employs the maximum propagation delay to avoid collisions and MAC level pipelining to increase efficiency. Reference [9] applies shorter delay to avoid collision when the communicating nodes are close to each other thus overcoming the throughput degradation caused by the maximum propagation delay. Some of these MAC protocols rely on advanced collision avoidance schemes to improve system efficiency, while others include ACK and retransmission mechanisms. However, the protocols which employ improved handshaking approach lead to larger propagation delays which limit the throughput and the endto-end latency. Consequently, additional strategies should be considered to significantly improve the system efficiency.
Novel MACA-based MAC protocol with Delay Tolerant (MACA-DT), introduced in [10] , can enhance the system efficiency by using adaptive silent time and simultaneous handshake technique. The new Funnelling MAC (FMAC-U) [11] utilises an improved three-way handshake mechanism and Carrier Division Multiple Access (CDMA) technology to enhance the system efficiency. In [12] a data-centric multi-hop MAC protocol employs multiple collision domains to limit transmission interference, and dynamic collision-free polling to offer efficient handshake. These inspiring works show that system efficiency gains are possible when improved handshaking design is merged with additional MAC techniques. Nevertheless, they do not take energy efficiency metrics into account when the performance of proposed MAC protocols is evaluated. Energy consumption is a major design requirement in order to prolong the battery lifetime of network nodes.
An Efficient Medium Access Control Protocol for underwater Acoustic Sensor Network, called UWAN-MAC, is proposed in [13] . UWAN-MAC relies on energy efficiency as the main performance metric. By synchronised powersleeping techniques, it achieves a distributed, scalable and energy-efficient MAC protocol. Reference [14] introduces a Reservation-based MAC protocol, called R-MAC, which focuses on energy efficiency and fairness. R-MAC schedules the transmissions of control and data packets to avoid data packet collision. In [15] they present T-Lohi a new class of distributed and energy-efficient media-access protocol for underwater acoustic sensor networks. By exploiting short tones and a low-power receiver T-Lohi can reduce the energy consumption while achieving high throughput. Reference [16] exploits the possibility of concurrent transmissions, similar to Interference Aware (IA) MAC [17] , where Delay-aware Opportunistic Transmission Scheduling (DOTS) reduces the probability of collisions in order to improve the system efficiency.
The above MAC protocols enhance the system efficiency in terms of some parameter. However, they still suffer from inefficient data transmission due to the long underwater propagation delay. A new approach should treat the unique features offered by the underwater acoustic channel as an improvement opportunity rather than a drawback or constraint. Therefore, the proposed strategies consider IA and NC as new approaches to fully exploit the properties of the underwater channel with focus on energy, throughput and delay.
III. PROPOSED TECHNIQUES
This section provides a description of the analysed Multiple Access solutions, by first introducing Interference Avoidance (IA) and Network Coding (NC), and then providing general design considerations. CSMA/CA with RTS/CTS is considered as reference for implementation of the proposed concepts.
A. Interference Avoidance
The concept of IA exploits concurrent transmissions and reception of information based on the knowledge of the propagation delay. As a general assumption, nodes cannot send and receive simultaneously. In stationary networks, where nodes are fixed or move very slowly, the propagation delay between a pair of nodes can be assumed constant. If a node could determine it, it could set the maximal packet length in accordance with the long inter-nodal propagation delay. Neighbouring nodes having packets to exchange would be able to concurrently transmit these. The approach can also be extended to the case of more nodes. Fig. 2 and Fig. 3 provide an example of the basic approach involving two and three nodes, respectively.
In Fig. 2 , the transmission of data packets between two nodes, A and B, is displayed. First, both nodes start sending their packets to one another, Data A and B, respectively. Data are transmitted until the maximal packet size is reached where the packet length corresponds to the propagation delay. Then, both nodes start receiving data from each other which takes place for a time equal to the propagation delay. This idea is based on the inspiring work in [18] , where a local and opportunistic approach is proposed to exploit the possibility of concurrent bidirectional transmissions between a sender and receiver, thus improving throughput and latency. In particular, bidirectional concurrent data packet exchange Concurrent data transmission among nodes using Interference Avoidance.
is employed, where a pair of nodes is allowed to transmit multiple rounds of transmissions to each other for every successful handshake. However, in [18] data packets have a shorter duration than the inter-node propagation time, whereas the approach proposed in this paper considers the packet transmission time and inter-node propagation time to be the same. This allows for more efficient schemes and can provide advantages in more complex scenarios.
Exploiting full-duplex communication between node pairs can improve channel utilisation, end-to-end latency and energy efficiency of network nodes. Energy consumption is of primary concern in underwater networks as nodes are battery-powered and deployed in hard-to-access areas where batteries might not be recharged or replaced. Thus, IA can prolong the network lifetime by fully leveraging the limited capacity of batteries.
This novel approach could be incorporated to CSMA/CA which represents a well-known protocol. To this end, some design considerations should address: (i) the redefinition of RTS/CTS exchange to allow intelligent collisions; (ii) the estimation of the propagation delay between nodes; and (iii) the insertion of a guard bits sequence at the beginning and/or at the end of packets to reduce synchronisation dependence.
B. Network Coding
Network Coding [19] considers that nodes are not restricted to forward data but can also process incoming information flows. The idea of NC relies on the combination of independent flows when transported throughout the network. Two different approaches to NC have been considered; linear, and physical-layer network coding. Linear network coding (NC) [20] refers to the output flow obtained at a given node as the combination of its input flows by linear coding operations. Physical-layer Network Coding (PNC) [21] exploits the additive nature of the channel and is applied to EM signal reception and modulation. The coding operation is obtained by the collision of incoming signals. Information decoding requires correct reception of several combined packets, and thus it is not always possible to immediately extract information from a single packet. This represents a minor constraint of PNC for the target scenario where all nodes require all the information as will be discussed later. Fig. 4 and Fig. 5 show an example of each approach.
In Fig. 4 , a sender has to transmit packets b 1 and b 2 . There are two receivers, which are interested in both packets. First, the source node sends b 1 and b 2 to Nodes A and B, respectively. Then, they send the data packets which are received separately by Node C and receivers 1 and 2. Using network coding, Node C linearly combines both packets by the XOR function and transmits the resulting information on the middle link. Finally, Node D sends the combination of packets to the final receivers, which can decode the remaining packets by the XOR operation, thus improving the overall throughput of the network. The deployment of NC is a challenging task as nodes must support additional functionality which increases the complexity of the approach compared to traditional store-andforward networks. The following sections demonstrate that the implementation of NC as an extension of CSMA/CA can significantly enhance the performance of underwater networks. This aspect is also acknowledged in other works [22] [23].
C. Combining Interference Avoidance and Network Coding
This paper proposes to combine IA and NC approaches to fully exploit the properties of the underwater acoustic channel and achieve efficient data transmission from time and energy perspectives. The proposed techniques are the combination of IA and NC (IA+NC) and the combination of IA and PNC (IA+PNC).
Figures 6 to 8 illustrate the packet exchange among 5 nodes string network for each considered MAC method by first introducing the general case of CSMA/CA, and then identifying the specific features of combined techniques. Only the starting phase of the transmission is considered and it is assumed that RTS/CTS ensure no collisions in pure CSMA/CA and enable intelligent collisions for the combined solutions. A box below each node depicts the data stored in it at a given time. The arrows represent data packets transmission. At the right of each figure, the time of the dissemination process is counted in time slot.
CSMA/CA ( IA+PNC (Fig. 8 ): Exploiting PNC in T = 2, a 1 and b 1 are simultaneously sent from nodes 2 and 4, respectively, to Node 3. By IA at the same time, additional packets (a x and b x ) could be concurrently transmitted from nodes 1 and 5 to nodes 2 and 4 respectively. While Node 3 is broadcasting the collision of packets (a 1 ⊕b 1 ) in T = 3, both Node 2 and Node 4 could exploit IA to simultaneously send a packet (a x and b x ) to Node 3. 
IV. PERFORMANCE EVALUATION
This section analyses the performance of the proposed Medium Access strategies using IA and NC for data dissemination over a string topology network scenario. The performance analysis considers a slightly modified CSMA/CA approach. As a general assumption, the impact of RTS/CTS handshakes is restricted to enable or prevent concurrent transmissions for enabling collision avoidance. However, the presence of these messages is not counted in the assessment. The following MAC techniques are considered: CSMA/CA, IA, NC, PNC, combination of IA and NC (IA+NC) and combination of IA and PNC (IA+PNC).
A. Simulation Setup
Simulations are built in Python. The aim of the simulations is to measure the potential benefits of proposed MAC techniques in more realistic environments. The simulation scenario consists of k nodes, which are aligned either vertically or horizontally. Nodes are fixed and the coverage of each node is one hop. Two data sources at the edges of the string disseminate two information flows, A and B, through the network. Flow A is transmitted by the left end node and flow B is sent by the right end node. The dissemination process is completed when the target nodes have received all the packets. Fig. 1 shows an example of 5 nodes in the string network.
The simulation framework relies on a basic operation subject to: (i) the local priority of packets, where flow A has priority with respect to B and packet number has priority over flow; (ii) the random channel access; (iii) the random packet erasures with fixed probability; and (iv) the inability of nodes to send and receive simultaneously. The simulation settings are described by the parameters in Table I . Data rate and Bit Error Rate are based on commercial acoustic modems specifications [24] - [26] . Power consumption of transmit, receive, idle and sleep modes is obtained from [25] . The maximum packet size is set so the transmission time of a packet is equals to the propagation delay between the nodes. This ensures the highest gain when IA is employed but also requires that the inter-node distance is known. Packet Error Rate is given by the simple Bernoulli model as in [27] . Besides, the number of iterations per simulation ensures that the 95% of confidence intervals are within ±2% of the values shown. B. Simulation Results Fig. 9 and Fig. 10 show the time required by considered MAC techniques so that all nodes of a certain size network can receive a given number of packets disseminated by the end nodes of the system. The x axis represents the amount of packets disseminated through the network which is common to all figures and the y axis shows the duration of the dissemination process in time slots. Two representative samples of string network length are considered; 3, and 8 nodes respectively. Notice that the node density of underwater networks is expected to be smaller than that of radio networks due to the long propagation delays and the hard physical deployment. Overall, as the number of packets at the sources increases, the dissemination time increases. Fig. 11 depicts the energy saving of proposed strategies normalised with respect to the energy consumption of CSMA/CA when the dissemination process of a given number of packets through 5 nodes string network is completed, i.e. all nodes have received all packets. The energy metric is based on the total amount of energy consumed throughout the network for each strategy which is then used to calculate the energy reduction in percent compared to CSMA/CA, as shown in the y axis. It is assumed that nodes stay in idle state after transmission and reception and only transition into a sleep mode when they have no more packets to send and do not expect any additional packets. In general, as the density of packets grows in the network, the energy saving increases especially in the combined techniques. Presented results demonstrate the potential benefits of IA and NC on the channel utilisation and the energy efficiency of data transmission under water, significantly improving the achieved performance of CSMA/CA. According to Fig. 9 , the advanced techniques provide shorter overall dissemination times with respect to CSMA/CA depending on the amount of packets, when the network comprises a small number of nodes. For instance, IA+NC and IA+PNC can reduce the data dissemination time 50% and 70% respectively for 100 packets compared with CSMA/CA, while achieving higher energy efficiency, see also Fig. 11 . In larger networks, see Fig. 10 , the improvement of combined techniques is remarkable. The reduction in dissemination time is maintained over the 50% for 100 packets, whereas the energy gains represent the 25% and 30% for IA+NC and IA+PNC respectively when compared with CSMA/CA as observed in Fig. 11 . IA helps to reduce the overall dissemination time and becomes more efficient when the number of nodes and packets increases but IA+NC achieves better energy efficiency while keeping high throughput. IA+PNC always performs better in terms of time and energy though its applicability for the target scenario might be limited, since relay nodes cannot extract the individual data packets when incoming signals are combined. Thus, IA+PNC is more appropriate for end-to-end data transmission, where relay nodes do not require the transported information.
A combination of IA and NC represents a viable alternative solution for future underwater acoustic networks to improve the system efficiency in terms of throughput and energy consumption.
V. CONCLUSIONS
This paper proposes and investigates the feasibility of the emerging concepts Interference Avoidance and Network Coding for Medium Access in underwater communications. The objective is to enhance the efficiency of underwater communication systems with focus on channel utilisation and latency. The new approaches utilise the underwater channel characteristics by exploiting the long propagation delay and the broadcast channel to enable full-duplex communication.
Presented simulations prove the potential of such strategies to improve the throughput and reduce the energy consumption. The combined solution of these concepts is especially promising as it provides the highest gain, where the combined approaches achieve a reduction of up to 50% and 70% in data dissemination time and 25% and 30% in consumed energy when compared to the traditional CSMA/CA.
In future works we will move from these promising results in underwater networks towards the feasibility study and possible implementation of proposed techniques in radio communication systems. Overall, we plan to: (i) implement Network Coding and Interference Avoidance at the network layer; (ii) improve reliability of energy measurements by real testbeds, for instance, measure the total consumed energy throughout the network and the time to first node (or a given percentage of nodes) death; and (iii) provide a real throughput and energy assessment of practical implementations according to the testbed results.
